The Role of Temporal Energy Input in Laser Micro Machining using Nanosecond Pulses  by Eiselen, S. et al.
 Physics Procedia  41 ( 2013 )  683 – 688 
1875-3892 © 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of the German Scientific Laser Society (WLT e.V.)
doi: 10.1016/j.phpro.2013.03.133 
Lasers in Manufacturing Conference 2013 
The role of temporal energy input in laser micro machining 
using nanosecond pulses 
S. Eiselena,b*, D. Wua, P. Galarneauc, M. Schmidta,b,d 
aBayerisches Laserzentrum GmbH, Konrad-Zuse-Str. 2-6, 91052 Erlangen, Germany 
bErlangen Graduate School in Advanced Optical Technolgies (SAOT), Friedrich-Alexander Universität Erlangen-Nürnberg, Germany 
 c  
dChair of Photonic Technologies, Friedrich-Alexander Univerität Erlangen-Nürnberg, Germany  
Abstract 
New pulse shaping possibilities using pulsed lasers in the nanosecond range offer entirely new approaches at influence 
and investigate laser-matter-interactions. The authors report on the influence of the temporal energy input on ablation of 
metal using arbitrarily shaped infrared nanosecond laser pulses. The importance of a proper description of time-resolved 
energy input by using the accumulated energy is demonstrated in theoretical considerations as well as experimental 
investigations. The presented results clearly show that any averaging over pulse duration results in missing information 
about time-dependent interactions and can at the same time lead to significant differences in ablation results. 
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1. Motivation and fundamentals 
Commonly used parameters for describing the behavior of short or ultra short pulses or pulse trains are 
fluence and intensity which are defined as applied energy respectively power per irradiated area. The relation 
between pulse energy EP, fluence F(x,y) and intensity I(x,y,t) is given in the following equations: 
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(Martin, 2004) 
 
The fluence does not imply any information about the temporal behavior of energy input during specific 
pulse duration  e.g. the same for 10 ns 
pulse duration with 1 kW peak power and for 10 ps pulse duration with 1 MW peak power  in both cases 
10 μJ per given area. Giving the fluence as characteristic value for beam-matter interaction mechanisms such 
as the ablation threshold is insufficient without specifying additional parameters, i.e. pulse duration, pulse 
peak power or pulse repetition rate (Pangovski et al., 2012). Using the intensity as describing parameter is 
more meaningful. Time resolution of the laser pulse is then considered as long as the intensity is given for 
single pulses (Pavg=EP/ ertheless it still is an averaging over pulse duration and no change in intensity 
can be determined if the temporal pulse shape changes within a certain combination of pulse duration and 
pulse energy. 
Commercially available laser sources with pulse durations in the range of nano- and picoseconds mainly 
deliver pulses with a Gaussian-like temporal pulse shape. In specific cases the pulse duration can be adjusted 
whereas the shape is a result of the corresponding pulse generation mechanism and can not be varied 
(Hendow et al., 2010). Hence, existing models about interaction mechanisms mainly consider pulses with a 
Gaussian shaped spatial beam profile and a temporal pulse shape with Gaussian-like distribution (e.g.  
q-switched or mode-locked laser pulses). The effect of pulse shaping such as adjusting pulse duration and 
burst mode on ablation was already shown in several works (e.g. Hendow et al, 2011; Leitz et al., 2009). New 
approaches in pulse shaping in the nanosecond range (e.g. Deladurantaye et al., 2009) offer entirely new 
possibilities at influence and investigate beam-matter-interactions. In this paper we demonstrate the effect of 
the power distribution over time within one laser pulse on ablation mechanisms at metals.  
2. Experimental setup and studies 
The influence of a time-resolved energy input on laser-matter-interactions using nanosecond laser pulses 
was analyzed by using a pulsed fiber laser source. This allows, in contrast to traditional DPSS Q-switched 
lasers, a direct modulation of the temporal pulse shape in the nanosecond regime. Characteristics like rise 
time, pulse width and temporal shape can be controlled easily at high precision (Gay et al., 2009). 
The following studies were conducted with a laser source offering pulse shaping ability realized in a 
MOPA-configuration (master oscillator power amplifier). The laser runs at the fundamental wavelength of 
1064 nm and has a maximum average power of 8 W independently of pulse shape, pulse repetition rate and 
pulse duration. The pulse energy can be adjusted using an attenuator consisting of a half wave plate and a 
polarizing beam splitter. Experiments were done with single pulses as well as overlapping pulse trains at 
stainless steel 1.4404 with austenitic fcc structure. The results were analyzed by optical microscopy as well as 
confocal laser scanning microscopy. 
An analysis of the influence of the temporal energy input during one laser pulse in the nanosecond range 
was conducted by scribing lines. The scan speed was varied achieving pulse separation as well as a pulse 
overlap of 90 %. The focal spot size was 22 μm in the experiments. While focal position, pulse overlap and 
pulse repetition rate were kept constant the pulse energy and therefore average power were varied at different 
temporal pulse shapes. Using the pulse shapes shown in Fig. 1 the influence of discrete parameters was 
evaluated. The width of the peak was kept constantly at 5 ns while its position and the total pulse duration 
were varied between 10 ns and 30 ns. 
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Fig. 1. Definition of temporal pulse shapes showing the power distribution over time: a) leading peak; b) centered peak;  
c) trailing peak  
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3. Results and Discussion
3.1. Time-resolved examination of single pulses
As principally described in the fundamentals section knowing the temporal energy input respectively
instantaneous fluence is essential for an adequate description of pulse-matter-interactions. Fig. 2 shows the
energy input distribution over time within one single laser pulse of arbitrary temporal shapes. It clearly shows
that a change in temporal power distribution can completely change the initiation of different phases of 
ablation (i.e. melting, evaporation, plasma ignition, plasma shielding) due to dissimilar accumulated applied 
energy. Fig. 2 (right) especially illustrates the different times for certain energy input (dashed lines) for 
mirrored and shifted pulse shapes used in the following experiments. The three contemplated pulse shapes
have the same pulse energy EP, intensity I and fluence F and therefore only differ in the position of the
intensity peak.
3.2. Influence of temporal pulse shaping in micro machining
Experimental investigations on ablation using arbitrarily shaped nanosecond pulses prove the demonstrated
influence of temporal energy distribution. We therefore investigated ablation mechanisms at different 
temporal pulse shapes. In Fig. 3 (left) single pulse ablation threshold is plotted against pulse width for 
different pulse slopes of the influencing pulse which was . It shows
results for 20 ns and 30 ns pulse duration for three different pulse shapes. Even for shapes that are mirrored 
(leading and trailing peak) or where the peak is shifted within the pulse (centered peak) significant differences
in ablation threshold can be observed.
Fig. 2. Normalized energy input over time for calculated ideal shapes (left) and real shapes used for experiments and shown in 
= 30 ns) (right). The pulse shapes within one diagram have identical fluence and intensity.
Fig. 3. Impact of temporal pulse shape on ablation mechanisms. Single pulse ablation threshold Fth. (left); ablation efficiency at a 
pulse-to- % (right).
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The trailing peak shows, independently of pulse duration, a lower ablation threshold compared to the
leading peak pulse. Within one pulse duration ablation starts at 4 to 6 % lower pulse energy level. This can be 
explained by a pre-heating of the substrate by the leading lower edge. This on the one hand results in a lower 
temperature difference to melting and evaporation temperature. On the other hand the absorption increases
due to the temperature dependency of the absorption coefficient for metals (Bergström, 2008, Ujihara, 1972). 
In Fig. 3 (right) the effect of the temporal pulse shape on the ablation efficiency for multi pulse ablation is 
given. Applying a pulse-to- x of 90 % (pulse repetition rate frep = 200 kHz) the ablation depth 
as a function of pulse shape was determined. The fluence was constantly kept at 6.3 J/cm² while the pulse 
intensity varied between 315 = 20 ns and 210 = 30 ns.
According to the results of single pulse ablation threshold a change of the pulse duration also results in 
significant differences of the ablation quality which is demonstratively shown in Fig. 4 for trailing peak 
shapes. It is clearly visible that the ablation depth increases with longer pulse duration (cross-section in Fig. 4) 
due to longer interaction time. At the same time the amount of melt increases in combination with rising
roughness within the processed area. Deposited molten material at the edges to the processed line increasingly
appears and the total amount of evaporated material decreases due to lower pulse peak power. The measured 
depth of resulting processed trenches varies between 2.3 = 10 ns), 3.3 = 20 ns) and 4.2 μm 
= 30 ns) while the according roughness parameter Ra changes from 0.18 μm to 0.3 μm with higher ablation 
efficiency.
Having a closer look on the impact of the temporal pulse shape shown in Fig. 3 (right) gives a divers
behavior compared to the single pulse ablation threshold. Here the leading peak shows the highest ablation 
efficiency while trailing and centered peak result in efficiencies that are up to 32 % lower (for = 20 ns). As 
explained for single pulse ablation a peak in the end of a nanosecond laser pulse leads to lower ablation 
threshold and therefore to an increased amount of energy resulting in heat input when processing with 
constant pulse energy compared to the leading peak pulse. This causes an increased amount of molten 
material in the interaction zone. Hence, lower ablation efficiency arises which can also be seen in Fig. 5.
For a leading peak pulse shape plasma shielding effects become more important. Within the first few 
nanoseconds of the pulse a plasma forms and the lower trailing slope can not be efficiently used for ablation 
as it is absorbed and scattered by the plasma and does therefore not or in a reduced way reach the material. 
Nevertheless the ablation quality in terms of melt-free and smooth ablation surface is best for short pulses
with leading edge of approximately 10 ns length. In contrast a trailing edge does not have a significant
influence on ablation efficiency and mainly results in melt formation. 
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Fig. 4. Multi pulse ablation on stainless steel 1.4404 using pulse durations of 10 ns (left), 20 ns (middle) and 30 ns (right).
Top: 3-dimensional LSM images of produced trenches at 90 % pulse overlap.
Bottom: Cross-section of grooves showing ablation depth and deposition of molten material 
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4. Conclusion
The presented results clearly show a strong influence of temporal energy input on nanosecond micro 
machining applications. Hence, any averaging over pulse duration results in missing information about
temporal energy input but in the same time lead to significant differences in ablation results. Therefore it has
to be avoided and a complete specification of processing parameters has to be ensured.
As demonstrated in theoretical considerations and experimental investigations using the fluence does not
give total system understanding for describing an ablation process. For a proper description and comparison 
of micro machining processes a closer look to the temporal energy input is necessary. Parameters like
instantaneous fluence and pulse intensity considering the average pulse power give a more specific
description of single laser pulses but are not commonly used up to now.
In summary, the ablation efficiency at multi pulse ablation can nearly be increased by the factor of 1.5 by 
changing the pulse shape from trailing peak to leading peak under constant fluence and intensity. This
behavior was demonstrated by processing trenches with a pulse overlap of 90 %.
The exact interaction mechanisms by applying different temporal pulse shapes in micro machining
applications are not yet completely understood. However, this paper shows significant effects of variable
energy distribution within nanosecond pulses. Depending on the temporal pulse shape high ablation 
efficiency, good ablation quality or a high amount of molten material can systematically be adjusted.
Designing specific pulse shapes for various applications such as ablation, cutting or melting can be done by
new pulse shaping capabilities highlighted in this article.
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Fig. 5. Multi pulse ablation using different temporal pulse shapes at constant pulse duration of 20 ns.
Top: 3-dimensional LSM images of produced trenches at 90 % pulse overlap.
Bottom: Cross-section of grooves showing ablation depth and deposition of molten material
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